In this work, iminodiacetic acid (IDA) functionalized magnetic nanoparticles (Fe 3 O 4 @SiO 2 @IDA) were prepared and the adsorption behavior of Cr(III)/(VI) on them was investigated. It was found that both Cr (III) and Cr(VI) could be quantitatively retained on Fe 3 O 4 @SiO 2 @IDA in the pH range of 2.5-3.5, while only , n ¼ 7), respectively.
Introduction
Chromium (Cr) is a heavy metal that have been widely used in industry, and it is also an essential trace element for human beings. It is worth noting that the toxicological and biological properties of Cr depend on its chemical form. Generally, Cr(III) and Cr(VI) are the primary existing forms of Cr in environmental water.
1 Cr(III) is biologically essential to mammals as it maintains an effective glucose, lipid, and protein metabolism. 2 In contrast, Cr(VI) is highly toxic as it can diffuse as CrO 4 2À or HCrO 4 À through cell membranes and then oxidize biological species such as DNA and some proteins. 3 Even at relatively low concentrations, Cr(VI) can still cause harm to the human body because of its high toxicity. Because of their wide application in electroplating, chemical engineering, textiles, oil rening, steelworks and other industries, 4 Cr species are easily discharged into the environment and cause pollution especially water contamination. The United State Environmental Protection Agency (US EPA) has set the permissible limit of Cr(VI) and total Cr in drinking water at 50 and 100 mg L À1 , respectively.
However, World Health Organization (WHO) consider that the guideline value of 50 mg L À1 of Cr(VI) is too high, compared with its high risk of carcinogenicity. 5 Consequently, developing accurate and sensitive methods for the speciation of trace Cr in environmental water samples is urgently required.
The speciation of Cr in environmental waters could be performed by combining high efficient separation techniques with specic elemental detection techniques. 6 Several analytical techniques including ame atomic absorption spectrometry (FAAS), 7 graphite furnace atomic absorption spectrometry (GFAAS), 8 inductively coupled plasma optical emission spectrometry (ICP-OES) 9 and inductively coupled plasma mass spectrometry (ICP-MS) 10 have been used for the determination of Cr in different matrixes. Among these elemental detection techniques, GFAAS has the advantages of high sensitivity, low cost, low sample consumption, and is suitable to single elemental analysis at trace level. 11 The separation techniques used for Cr speciation include chromatographic approaches such as liquid chromatography, 12 ion chromatography 13 and capillary electrophoresis 14 and non-chromatographic separation technologies such as coprecipitation, 15 24 or TritonX-114 modied alumina-coated magnetic nanoparticles (MNPs) 26 have been employed for the speciation of Cr(III) and Cr(VI). While both of these two kinds of MNPs were selective towards Cr(III) rather than Cr(VI), so a reduction step was needed to obtain total Cr concentration and the amount of Cr(VI) was obtained by subtracting the amount of Cr(III) from total Cr. Diniz et al. 27 achieved a selective preconcentration of Cr(VI) onto mesoporous amino-functionalized Fe 3 O 4 /SiO 2 NPs, and then the supernatant containing un-adsorbed Cr(III) was subjected to cloud point extraction. Although such a combination of two extraction techniques requires no extra oxidation/reduction, the two-step operation was complex and time-consuming. Hence, it is necessary to develop a practical and efficient MSPE method for Cr species analysis.
Iminodiacetic acid (IDA) can form stable complexes with many metal ions and -COOH and -NH-are the functional groups. [28] [29] [30] The IDA-chelating resin (Muromac A-1) has been applied for the selective separation of Cr(III), 5, 31 which is attributable to the three coordination sites of IDA. Considering IDA contains both carboxyl group and imino group, it is expected to have selectivity for Cr(III)/Cr(VI). In this work, IDA functionalized magnetic nanoparticles (Fe 3 O 4 @SiO 2 @IDA) were synthesized and the adsorption behavior of Cr(III)/(VI) on Fe 3 O 4 @SiO 2 @IDA were investigated. Based on the adsorption difference of Cr(III) and Cr(VI) on Fe 3 O 4 @SiO 2 @IDA, a novel method of MSPE-GFAAS was proposed for the speciation of trace Cr(III)/(VI) in the environmental water without any oxidation or reduction process. The parameters affecting the extraction and desorption of target Cr species, such as sample pH, desorption time, extraction time and sample volume were investigated and the optimized conditions were established. The developed method has been validated by the speciation of Cr(III) and Cr(VI) in a certied reference material (GSBZ50009-88, environmental water) and real water samples.
Experimental

Instrumentation
Constant temperature heating magnetic stirrer (DF-101S, Shanghai, China), electromotion stirrer (RW 20 digital, IKA, Germany), vacuum drying oven (DZG-6020, Shanghai, China) were used in the synthesis procedure. The self-prepared Fe 3 -O 4 @SiO 2 @IDA was characterized by Fourier transform infrared spectroscopy (Nicolet iS10, Thermo, USA), transmission electron micrograph (JEOL, JEM-2010 HT, Tokyo, Japan) and vibrating sample magnetometer (PPMS-9T, USA). The pH values were measured by a Mettler Toledo 320-S pH meter (Shanghai, China) supplied with a combined electrode. Numerical control ultrasonic apparatus (KQ5200DE, Kunshan, Jiangsu, China) was used for ultrasonic (40 kHz and 100 watts ultrasonic power) assisted extraction and desorption of target species. An Nd-Fe-B magnet (8.0 mm Â 6.0 mm Â 1.6 mm) was used for magnetic separation. Determination of trace Cr was carried out by GFAAS (Z-2000, Hitachi, Japan) and the operation conditions are summarized in Table S1 . † All the laboratory wares were made of polyethylene or glass material and thoroughly cleaned by soaking in 10% (v/v) nitric acid for at least 24 h. All these acid-washed laboratory wares were rinsed three times with high purity deionized water prior to use. All stock standard solutions were stored in polyethylene bottles and maintained at 4 C in refrigerator. . Then, 50 mL magnetic uid prepared above was homogeneously dispersed in a mixture of ethanol (70 mL) and high purity deionized water (20 mL) by sonication for 15 min, followed by the addition of 7 mL ammonia solution (15 ). Then, 50 mL of GLYMO-IDA solution was added dropwise to the dispersion with continuous stirring. Aer reaction at room temperature for 12 h, the product of Fe 3 O 4 @SiO 2 @IDA was collected with a magnet and washed repeatedly with ethanol and water and nally dried in vacuum at 60 C.
Reagents and materials
Preparation of Fe
Sorption experiments
The adsorption capacity of Cr(III) and Cr(VI) on Fe 3 O 4 @SiO 2 @-IDA were investigated, respectively. 10 mL of aqueous solution containing Cr(III) or Cr(VI) with a series of concentrations of 1-50 mg L À1 were adjusted to pH 5 and 3, respectively. Then 10 mg 
Sample preparation
Water samples were collected from the East Lake and Yangtze River (Wuhan, China) respectively and stored at 4 C aer acidication with HNO 3 . Immediately aer sampling, all water samples were ltered through a 0.45 mm membrane and stored in pre-cleaned polypropylene bottles in a refrigerator at 4 C.
Certied Reference Material of GSBZ50009-88 environment water (Institute for Reference Materials of State Environmental Protection Administration, Beijing, China) was diluted by 5000-fold. All the water samples were subjected to the proposed MSPE procedure and subsequent GFAAS detection. High purity deionized water without sample addition was employed as the blank and subjected to the same procedure described above. All the tests were carried out in triplicate.
Magnetic solid phase extraction procedure
50 mL of the sample solution containing Cr(III) or total Cr was transferred into a 50 mL beaker, and adjusted to pH 5 and 3 with 0.1 mol L À1 HNO 3 and 0.1 mol L À1 ammonia solution, respectively. In the extraction step, 10 mg of Fe 3 O 4 @SiO 2 @IDA was added and dispersed by ultrasonication for 10 min at room temperature, then isolated from the suspension with an Nd-Fe-B strong magnet and washed with 1 mL high purity water. In the desorption step, 0.5 mL of 1.5 mol L À1 HNO 3 was added to desorb the metal ions from the sorbent under ultrasonication for 30 min. Finally, the desorption solution was directly introduced into GFAAS for Cr determination.
Results and discussion
Characterization
The FT-IR spectra of , which is sufficient for the magnetic separation. Due to the strong magnetism, MNPs had the aggregative trend and we can hardly observe single nanoparticle in TEM images (Fig. S2a †) . While, it can be seen that Fe 3 O 4 nanoparticles are embedded in the microspheres and the NPs possess typical core-shell structure (Fig. S2b †) . The particle size of Fe 3 O 4 @SiO 2 @IDA is about 20-30 nm. Fig. 1 FT- Fig. 2 , the adsorption percentages of Cr(III) and Cr(VI) are increased with the increase of pH values from 1 to 2.5 and quantitative adsorption is obtained in the pH range of 2.5-7 and 2.5-3.5 for Cr(III) and Cr(VI), respectively, which made it possible to separate Cr(III) and Cr(VI). In this work, pH values of 3 and 5 were selected for the adsorption of total Cr and Cr(III), respectively.
The above results could be explained by the different adsorption mechanism of Cr(III)/(VI) on Fe 3 O 4 @SiO 2 @IDA. At low pH values, the protonated imino group and carboxyl group on the sorbent have an electrostatic repulsion force to the trivalent Cr cations, therefore the adsorption percentage was low. As the pH increased, the imino group and carboxyl group were deprotonated, which could chelate with Cr(III) through two nitrogen atoms and four oxygen atoms of two IDA groups 31 (as shown in Scheme 1). For Cr(VI), it mainly exists in the form of chromic acid (H 2 CrO 4 ) under strong acid condition (below pH 1), which cannot be retained on the sorbent. 3.2.2 Optimization of desorption conditions. As mentioned above, both Cr(III) and Cr(VI) cannot be adsorbed under the high acidic medium, so high concentration of acid can be used as desorption reagent to desorb both Cr(III) and Cr(VI) retained on It should be noted that the reusability of Fe 3 O 4 @SiO 2 @IDA was investigated, and the recovery of Cr on the reused MNPs was decreased along with the reuse time. It may due to the relative high concentration of nitric acid as the desorption solvent and 30 min ultrasonication process that caused damage to the MNPs coating. While, about 1.2 g of the sorbent could be obtained by each preparation process, and only 10 mg was used in each MSPE batch operation. Thus, the prepared Fe 3 O 4 @SiO 2 @IDA was disposable in our experiment. 
Effect of extraction time and sample volume.
The impact of sample volume in the range of 10-100 mL on the recovery of target Cr species was investigated by keeping the absolute amount of Cr as 5 ng. As can be seen from Fig. S4 , † quantitative recoveries of Cr(III) and total Cr are obtained when sample volume is less than 75 mL. It means that an enrichment factor of 150-fold can be achieved by the proposed method. For real-world sample analysis, 50 mL of the aqueous phase was employed.
In order to shorten the analytical time, the effect of extraction time in the range of 5-25 min on the adsorption was investigated, and the results are shown in Fig. S5 . † It can be seen that 10 min of extraction time was adequate for the quantitative recovery of Cr(III) and total Cr. Thus, the extraction time of 10 min was selected for further studies.
3.2.4 Effect of the amounts of magnetic material. The mass of the magnetic material is also crucial for quantitative extraction, and the effect of the amounts of Fe 3 O 4 @SiO 2 @IDA on the extraction of target Cr species was examined in the range of 5-20 mg under optimized conditions. The experimental results showed that 10 mg material was enough to ensure complete recovery of target species. Therefore, 10 mg of Fe 3 O 4 @SiO 2 @IDA was employed in the subsequent extraction experiments.
Effect of the ratio of Cr(III) and Cr(VI).
In order to explore the application potential of the proposed method, it is necessary to investigate the effects of Cr(III)/Cr(VI) ratios on the recovery. A wide range of concentration ratios of Cr(III)/Cr(VI) was studied and the results are shown in Fig. 3 . As can be seen, the recoveries of Cr(III) and Cr(VI) were in the range of 85.0-102% with the concentration ratio of Cr(III)/Cr(VI) varying from 10 : 1 to 1 : 10, indicating that the ratio of Cr(III)/Cr(VI) hardly affects their recoveries in the tested range.
Effect of coexisting ions
The effect of common coexisting ions on the extraction and determination of Cr(III) and total Cr by MSPE-GFAAS with Fe 3 -O 4 @SiO 2 @IDA as adsorbent was investigated. In these experiments, solutions containing 100 ng L À1 of Cr(III) or total Cr and different amount of coexisting ions were subjected to the proposed procedure. The tolerance of the coexisting ions, dened as the maximum tolerance amount with which the recovery of Cr species can be maintained in the range of 85-115%, are listed in Table 1 . It can be seen that the presence of major cations and anions has no obvious inuence on the extraction and determination of Cr(III) and total Cr under the optimum conditions, which shows that the proposed method has a good anti-interference ability.
Adsorption capacity and adsorption mechanism
Adsorption capacity of Fe 3 O 4 @SiO 2 @IDA for Cr(III) and Cr(VI) were studied and results are shown in Fig. S6 . † As can be seen, the adsorption capacity was rstly increased with increasing the initial concentrations of target species in the range of 1-30 mg L À1 , and then reached a plateau at the concentration range of 40-50 mg L À1 . The maximum adsorption capacity of Fe 3 O 4 @SiO 2 @IDA for Cr(III) and Cr(VI) were calculated to be 8.2 and 2.9 mg g À1 , respectively.
The above data for the uptake of Cr(III) and Cr(VI) on Fe 3 -O 4 @SiO 2 @IDA were then tted to Langmuir and Freundlich isotherm equation in the linearized form, which were respectively expressed as
where q e was the adsorption amount (mg g n were the Freundlich constants depicting the adsorption process.
The plot of C e /q e against C e and ln q e versus ln C e for the experimental data are shown in Fig. 4 . The correlation coefficients of Freundlich isotherm model (Fig. 4a and c) 
Analytical performance
Under the optimized experimental conditions, the analytical performance of the proposed method was evaluated and summarized in Table 2 . The developed method exhibited good linearity within the range of 20-800 ng L
À1
. The limits of detection (LODs, 3s) of the method were 9.1 and 12.8 ng L À1 for Cr(III) and total Cr, respectively. The relative standard deviation (RSDs) for seven replicate determinations of 50 ng L À1 target species were 4.8 and 5.2% for Cr(III) and total Cr, respectively. The enrichment factor was 100-fold. A comparison of the developed method with other reported methods for speciation of Cr(III)/(VI) is summarized in Table 3 . As can be seen, the developed MSPE-GFAAS method offers comparable LODs to the methods involving ICP-MS detection.
21-23,34
Compared with the MSPE-CPE-GFAAS method, 27 the developed MSPE-GFAAS method presents a lower LOD and the operation is much easier. Furthermore, it should be noted that sorbents in ref. 21 and 35 can only adsorb one Cr species and thus reduction/oxidation reagent was needed. Compared with these methods mentioned above, the proposed method is simple, sensitive, inexpensive and easy-to-operate, it does not require any reduction/oxidation and the total time for speciation of Cr(III) and Cr(VI) is reduced. 
Real sample analysis
In order to verify the accuracy of the method, the developed method was applied to the determination and speciation of Cr(III) and Cr(VI) in Certied Reference Materials of GSBZ50009-88 environmental water. The analytical results along with t-test values are given in Table 4 . As can be seen, the determined value of total Cr is in good agreement with the certied value. The developed method was also applied to the analysis of Cr(III) and Cr(VI) in the East Lake water and Yangtze River water samples. Table 5 lists the analytical result along with the recovery of Cr species in East Lake water and Yangtze River water. As can be seen, the concentrations of Cr(VI) in the East Lake water and the Yangtze River water are below the maximum allowable concentration (MAC) (0.05 mg L À1 ) of Cr(VI) in surface water according to GB3838-2002 (the national environmental quality standard for surface water). The recoveries for the spiked samples were in the range of 83. .7%. These results demonstrated the applicability of the MSPE-GFAAS method for interference-free determination of trace/ultra-trace Cr(III) and total Cr in environmental water samples.
Conclusions
In this study, sensitive speciation of trace Cr(III)/(VI) in water was achieved based on selective MSPE with IDA functionalized MNPs followed by GFAAS detection without the need of extra oxidation/reduction. Compared with other methods for speciation of Cr, the developed MSPE-GFAAS method is simple, sensitive, inexpensive and selective toward Cr(III)/(VI). Besides, it exhibits good tolerance toward co-existing cations and anions and can be applied for the analysis of trace/ultra-trace Cr in environmental water samples.
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